Over the years, many shape sensing methods have been developed with technologies including optical fibre, PZT and fringe projection. Among them, optical fibres have gained a lot of attention due to their unobtrusive nature when either surface mounted or embedded in the structure. Optical fibre Bragg gratings (FBG) are currently employed for structural health monitoring in civil and aerospace systems and their shape sensing capabilities have been previously reported. In this paper, we propose a novel fibre optic based shape sensor of an isotropic cantilever beam based on the principles of interferometry and FBG sensing. The method described in this paper uses a standard single core single-mode optical fibre and the least number of sensors to estimate the shape, making it comparatively an inexpensive sensing method. On displacing the beam with an unknown magnitude and at an unknown location along the beam, we are able to demonstrate that we can measure the shape of the displaced beam and the magnitude and location of the force applied. The analysis involves using a calibration method and an iterative calculation to measure the two unknowns. An analytical model based on the known beam theories was used to assess the accuracy of the measurements. The preliminary analysis yielded an accuracy of ±1 mm and ±50 mm for the displacement and location, respectively.
INTRODUCTION
Shape sensors have been widely used in various fields ranging from civil 1 and aerospace 2 to medical applications.
3
Several methods for shape sensing have been reported over the years. Optical fibre sensors have been used to measure deflection as well as for reconstruction of the shape. 4 Deformation or shape sensing has also been demonstrated using piezoelectric sensors 5 where a network of piezos form a sensing film. Each piezo point acts as an individual sensor that provides local information of the deformation. Another shape sensing method is by projecting light on to the structure where image data is processed using colour coded sensors and by using 'artificial vision' to obtain shape of the object. 6, 7 Excluding optical fibres, the above mentioned technologies generally involve a complex mechanism and processing of large amounts of data. Moreover, they are not suitable in environments with harsh conditions or those that are difficult to access. In this regard, optical fibres stand out due to their desirable properties including EMI immunity, corrosion resistance, high sensitivity and compact size. 8 Among optical fibre methods, deformation shape estimation using modal analysis with the help of fibre Bragg grating sensors have been demonstrated. This technique implements the use of grating sensors to estimate the corresponding displacement field. 9 Recently, strain sensing using dense networks of fibre Bragg grating (FBG) sensors have gained a lot of attention for measurement and estimation of the shape of aircraft wings and turbine blades. [10] [11] [12] Combined measurement of the bending strain and vibration of a cantilever beam was also demonstrated using FBG sensors.
OFDR has also been used to determine deformation of a structure in three dimensions where self referenced fibres were developed that made use of helically wound multiple cores.
14 The shape is estimated by measuring the axial twist and curvature along the fibre. This technique tends to have higher acquisition periods and is more suitable for static tests 15 rather than dynamic real-time measurements that we are interested in.
To summarise, current fibre optic shape sensing methods typically incorporate grating sensors 10, 11, 16, 17 in rather complex configurations containing either multiple cores 18, 19 or a single core with distributed gratings.
20, 21
These methods typically involve Bragg gratings arranged along multiple fibres or cores corresponding to spatial coordinates of the strain sensors. Different geometrical configurations containing these sensors can be designed based on application. The limiting point though, is that these fibre sensors tend to be costly. 22 They require complicated sensor fabrication techniques or multiple sensors that increase the overall cost of the sensor.
In this study, our aim was to develop a simple sensing method that does not require complex and intricate manufacturing procedures and was comparatively inexpensive. For preliminary studies, our focus was on 1-dimensional bend sensing to confirm the working principle of the proposed method. In this paper we demonstrate that with just two FBGs, forming an arrangement similar to a long Fabry-Pérot configuration, values of both the position and displacement of a cantilever beam can be determined.
The paper is organized as follows. Section 2 explains the theories on which this method is based. Section 3 introduces the principle of the approach and describes the experimental design including the setup, the calibration steps and the measurements and is followed by the results in section 4. Section 5 discusses the findings and finally, section 6 concludes the paper.
THEORY
This work makes use of the principles of fibre Bragg gratings and of intrinsic Fabry-Pérot interferometers.
A fibre Bragg grating is a segment in an optical fibre that consists of a periodic modulation of the core refractive index. When incident light illuminates the grating, part of it is reflected whereas the rest gets transmitted. On interacting with the refractive index perturbations, a narrowband of the incident optical field, by successive coherent scattering from the index variation, is reflected with a central wavelength. This wavelength is referred to as the Bragg wavelength 23 and is given by:
Where λ B is the Bragg wavelength, n ef f is the refractive index of the core, and Λ is the periodic spacing of the grating.
The Bragg wavelength (λ B ) shifts when the gratings are subjected to external (mechanical or thermal) disturbances. This shift in wavelength is denoted by ∆λ BS . The strain can be expressed as a shift in this Bragg wavelength as:
Where ∆ε is the change in strain and ρ a is the photoelastic coefficient ≈ 0.22.
In the Fabry-Pérot interferometer, the two gratings form what we consider a long Fabry-Pérot cavity. 22 A Fabry-Pérot cavity essentially consists of an optically transparent medium with parallel reflectors (gratings in this case) on either sides. The basic principle is based on the multiple wave interferences. The Free Spectral Range gives the frequency spacing of its transmission peaks within the cavity. This FSR divided by the bandwidth (FWHM) is referred to as the finesse of the cavity. Generally, narrower finesses are preferred. The cavity length between the two gratings can be determined by wavelength scanning and is changed in the presence of an external disturbance. This change in length is related to the strain by:
Where d is the change in cavity length and L (denoted as L sensor in the following sections) is the effective sensing length between the two gratings.
METHODOLOGY 3.1 Principle
A schematic of the experiment along with the coordinate system and nomenclature used is defined in Figure 1 . The optical fibre is fixed to an aluminium beam, aligned along the x axis, with length L, breadth b, and thickness h. A force (F ) is applied in the negative y axis. This force causes a displacement in the negative y direction which varies along the beam length. Assuming the deflection applied at x = x tip is δ, the strain at that point can be determined using:
Where x is any point along the length of the beam measured from x root.
Experimental setup
The Experimental values of equation 4 were measured from the setup shown in Figure 2 . A linear actuator (Zaber NA23C60-T4) and controller stage allowing a deflection range of 0 to 60 mm were affixed onto a base plate mounted on a slider. The actuator provided deflections at x = x tip which was 1.05 m from the root. The deflections were applied at the tip and mid point of the beam individually at steps of 4, from 0 to 20 mm. The optical system (Optics11 ZonaSens) measured the displacement (L m) between the two gratings for each deflection step. A second measurement system, an FBG interrogator, (National Instruments, PXIe-4844) measured the local strain at the root using the grating F BG 2. 
Calibration
In order to calibrate the setup and record baseline data two sets of measurements were carried out at the tip and mid point of the beam. The data recorded from the calibration measurements were later used for finding the location and magnitude of an unknown load. 
Deflection at an unknown location and unknown deflection
The next step is to be able to determine the location of an unknown deflection at an unknown location along the beam. For this, along with the displacement (∆L) measurements, local strain measurements (ε) were recorded by the F BG 2 at the point x root. For each displacement step, the corresponding change in length and F BG 2 strain values are tabulated in table 2 and table 3 for tip and mid point load cases, respectively. 
RESULTS
Measurements were first carried out for two known positions on the beam which served as baseline reference measurements. The first and second set were taken with deflections applied at the tip and mid point of the beam, respectively. The loading point and displacement measurements were calculated through an iterative computation using the equation:
Where x 1 , x 2 , y 1 and y 2 are reference measurements (taken from the first calibration step) for a given iteration cycle and x and y are the unknowns. The calculated values are then taken as reference measurements for the next iteration and the cycle continues till the values converge.
From figures 3a and 3b, although both the experimental and analytical results followed a linear and increasing trend, the former had a different slope. As a consequence, this would have an effect on the accuracy of further calculations. From equation 4 it can be noted that the variables h, x and L play a role in determining the slope of the line. As the experimental measurements only take into account the value of L, the mismatch was identified as due to the inaccuracy in the length. The sensor length (L sensor) is approximated as 1 m in the middle of the beam with an average clearance of 0.025 m at each end. On the other hand, the analytical model considers the full length of 1.05 m spanning from x root to x tip. Additionally, the uncertainty in the grating location increases the variation between the predicted and achieved results. Although the location of the grating is roughly estimated to be within a range specified by the manufacturer, it is difficult to know the exact position of the grating on the fibre hence increasing the uncertainty in the length.
The simultaneous position and deflection sensing is carried out using displacement and strain measurements through two fibre Bragg gratings. The displacement was calculated through the change in length between the two gratings due to applied deflections. The local strain was calculated at the root through the grating F BG 2. Assuming a deflection of unknown magnitude taking place at an unknown location along the beam, the readings from the two gratings was used to approximate the unknown variables by making use of the baseline measurements. This was carried out by a two-step calculation involving a calibration method and an iterative computation. The preliminary calculations without accounting for the errors yielded a good estimate of the unknowns. An accuracy of ±1 mm and ±50 mm for magnitude of deflection and the location of applied deflection were achieved, respectively.
DISCUSSION
These results show the possibility of monitoring the 1-Dimensional shape of the beam by determining the magnitudes of deflection and location of the displacement along the beam and hence proves the working of the proposed method. Factors including uncertainty in the length of the sensing zone, location of the grating, and beam vibrations where identified as sources of error in the experiment. By further calibrations and accounting for the errors a higher measurement accuracy can be achieved. This study sets the basis for a 2-Dimensional shape sensor that is intended to monitor the bending and torsion of any plate structure. This will also be extended to multiple loading conditions.
CONCLUSIONS
The paper presents a novel method to measure the position and displacement of a cantilever beam by using the least number of sensors. The principles of interferometry and fibre Bragg grating were used in combination to acquire data on bending of the beam. This was done with the help of two fibre Bragg gratings along the fibre that form a gap similar to a long Fabry-Pérot cavity. The change in optical distance between the gratings as well as point strain readings were measured. An iterative calculation was performed to converge to the values of the magnitude of deflection being applied and its location along the beam. The results show good approximation (±1 mm and ±50 mm for the displacement and location, respectively) with the actual values and the sources of errors were identified. As the results are independent of the properties of the structure in consideration, this approach can be applied to beams of any material.
